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Ornithopters (flapping-wing flying machine) imitate birds or flying-insects, 
which can generate lift and propulsion by flapping wings. Achievements of previous 
researches show that the lift generation is quite significant at low Reynolds number. 
Therefore, the present paper makes relevant studies on the lift generation potentials 
with respect to the vortex shedding mechanism. The present work would reveal some 
essential mechanism of flapping wing lift at low Reynolds number, so as to transfer 
the bionics design on flapping-wing ornithopters  
According to planar linkage mechanism combined with research conditions, 
flapping-wing driving device is designed and fabricated in order to make preparative 
work forbasic researches on mechanism of lift force. Researches include two parts, 
the qualitative part of flow visualization and the quantitative measurements using a 
particle image velocimetry (abbr. PIV) system.  
Qualitative researches are made to study the influence of free flow velocity and 
angle of attack on shedding vortex evolution of flapping-wing device. Results show 
that flapping-wing device would generate lift under conditions of free flow velocity 
and with incidences of the flap wing. The reason for generating lift is that the 
absolutely instantaneous velocity is bigger than the real instantaneous velocity during 
flapping-wing moving downward, while, it turns out just the opposite during 
flapping-wing moving upward. As a result, lift force is generated by the means of 
redundant energy.  
Investigation of velocity field and curl field’s evolution of separation vortex is 
discussed by means of PIV measurement analysis. Results demonstrate that the lift 
generation is influenced by both flapping frequency and attack angle of flapping 
wings. The attack angles of flaping wings exhibit more influence on the vortex 
generations, which contribute much to the lift generation. Data statistics of separation 
vortex’s core energy is analyzed, showing that the variation of separation vortex’s 
core energy trends similarly between upward flapping and downward flapping, and 
maximum value of energy appears at poles. Data statistics also shows circular rector 
of separation vortex’ trends are different. Circular rector is not always bigger than 




T later separately. Flapping velocity and angle of attack are taken as variables, 
the variation trend and regular of circularrector is discussed and stated. 
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∅(t) : 翼翅随时间变化而变化的拍动角度[°] 
∅0 : 翼翅挥拍对称面/轴与轴长所成角度[°] 
∅1 : 挥拍幅度[°] 
ϖ : 挥拍速度，翼翅拍动频率 f 成正比[Rpm] 
T : 翼翅拍动周期[s] 
α t  : 翼翅随时间变化而变化的俯仰角[°] 
α0或 α : 攻角[°] 
α1 : 俯仰对称面/轴与水平中轴所成角度[°] 
φ : 拍动角度与俯仰角周期变化的相位差[°] 
θmix : 翼翅与轴长所成角度的最小值[°] 
θmax : 翼翅与轴长所成角度的最大值[°] 
r : 偏心轴距偏心轮圆心的距离[mm] 
l : 轴长长度[mm] 
S : 翼翅面积[m2] 
L : 翼翅展长[m] 
bav : 翼翅平均弦长[m] 
λ : 翼翅展弦比，无量纲数 
v 或 v 来 : 自由来流速度[mm/s] 
v 来 x : 自由来流速度在后缘切向分量[mm/s] 
v 来 y : 自由来流速度在后缘法向分量[mm/s] 
v 瞬 : 扑翼后缘所产生的瞬时速度[mm/s] 
v 来绝 : 扑翼相对静止时后缘流体法向绝对速度[mm/s] 
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第一章  绪论 
1 
 




种 20 世纪末发展起来的新概念飞行器。 
模仿鸟类飞行的活动在自古就有。最早的扑翼机为意大利的达•芬奇研究了
鸟翅，并利用物理和解剖知识而设想出来的用机械装置扑动人造翅膀结构的扑翼
机，本质上是模仿鸟类的人力飞行，如图 1.1 所示。1871 到 1983 年期间，Jobert’s、






图 1.1 达•芬奇设计的模仿鸟类飞行的扑翼机 
Fig.1.1 Bird-imitating ornithopter designed by Leonardo da Vinci 
1973 年 Weis-Fogh[1]等人以黄蜂飞行运动为研究内容进行了升力机制的探究，
并认为 clap and fling 机制(或 Weis-Fogh 机制)为黄蜂等昆虫类产生升力的原因。
1993 年 Delaurier[2][3]计算了扑翼具有挥拍及俯仰运动下的平均升力、推力和输入



















[9]。1997 年 Jones 等人通过比较单扑翼和前后组合扑翼，研究了各自非定常流场、







(c)SmartBird (d)翠鸟 03 
图 1.2 扑翼的设计与制造 




































[21],图 1.2(b)为南航的翠鸟 03，西北工业大学目前也研制了微柔性翼飞行器。 
1.2 扑翼飞行机理 










图 1.3 中给出了翅膀如何旋转才能产生升力，在(a)中，由于 Kutta 条件，翅膀产





















图 1.3 Kramer 效应 




图 1.4 二维和三维运动的延时失速机制 
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